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The carbon-bonded gas-phase Meisenheimer complex of 2,4,6-trinitrotoluene (TNT) and the
nitromethyl carbanion CH2NO2
 (m/z 60) is generated for the first time by chemical ionization
using nitromethane as the reagent gas. Collision-induced dissociation (CID) of the Meisenhei-
mer complex furnishes deprotonated TNT, a result of the higher gas-phase acidity of TNT than
nitromethane. The formation of Meisenheimer complexes with CH2NO2
 in the gas phase is
selective to highly electron-deficient compounds such as dinitrobenzene and trinitrobenzene
and does not occur with organic molecules with lower electron-affinity such as methanol,
methylamine, propionaldehyde, acetone, ethyl acetate, chloroform, toluene, m-methoxytolu-
ene, and even nitrobenzene and p-fluoronitrobenzene. As such, the reaction allows selective
detection of TNT in mixtures. Meisenheimer complexes between CH2NO2
 and the three
dinitrobenzene isomers display distinctive fragmentations. The oxygen-bonded -complex of
TNT with the deprotonated hemiacetal anion CH3OCH2O
 (m/z 61), represents a different
type of Meisenheimer complex. It displays characteristic fragmentation involving loss of
HNO2 upon CID. The combination of a selective ion/molecule reaction (Meisenheimer
complex formation) followed by a characteristic CID process provides a second novel and
highly selective approach to the detection of TNT and closely related compounds in mixtures.
The assay is readily implemented using neutral loss scans in a triple quadrupole mass
spectrometer. Gas-phase reactions of denitrosylated TNT with benzaldehyde produce the
corresponding dihydrofuran in an aldol condensation, a result that parallels the corresponding
condensed-phase reaction. (J Am Soc Mass Spectrom 2004, 15, 998–1004) © 2004 American
Society for Mass SpectrometryMeisenheimer complexes, first proposed byJackson [1] and later isolated by Meisenhei-mer [2], are anionic -complexes formed by
covalent addition of nucleophiles to a ring carbon atom
of electron-deficient aromatic and heteroaromatic sub-
strates [3, 4]. It is believed that Meisenheimer complexes
are key intermediates in nucleophilic aromatic substi-
tution (SNAr) reactions (Scheme 1). The chemistry of
Meisenheimer complexes has a history stretching back
more than 100 years and a tremendous amount of
relevant work has been reported. Crystallography and
NMR spectroscopy have played pivotal roles in the
structural characterization of the -complexes [5] while
visible spectroscopy has been the primary tool in kinetic
and thermodynamic studies of complex-forming reac-
tions in solution [6]. Except for theoretical investiga-
tions [7–10], very few studies have been reported on
gas-phase Meisenheimer complexes, although gas-
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14] have been investigated. One exception is found in
the work of Kebarle who measured both free energy
and enthalpy changes for the formation of the Meisen-
herimer complex between fluoride and perfluoroben-
zene [15] using gas phase F transfer equilibria. This
author also investigated the complexes of substituted
benzenes with the anions CH3O
, F, Cl, Br, and I
[16]. Yinon found that [TNT  H], the hydride
Meisenheimer complex of TNT, synthesized in the
condensed phase, undergoes reduction and hydrolysis
prior to ionization when analyzed through a heated
exposure probe in a high-pressure ion source of mass
spectrometry [17].
Nitroaromatics and related compounds, including
TNT, have been used widely as explosives and their
detection is an important issue. Gas-phase ionic reac-
tions have been employed to improve the selectivity
and sensitivity of detection of particular compounds by
mass spectrometry [18–21]. Because nitroaromatics like
TNT are typically electron-deficient due to the strong
electron-withdrawing effect of the nitro group, studies
exploring negative ion chemistry, including the forma-
tion of anionic Meisenheimer complexes from nitroaro-r Inc. Received February 21, 2004
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addition, negative ion mass spectrometry increases the
selectivity of ion production from the limited number of
compound classes to which it is applicable; again, these
include nitroaromatic compounds [22]. Another signif-
icant feature of TNT chemistry is the reactivity of its
methyl protons (CH-acidity in DMSO [23], pKa  10.5),
under the strong electron-withdrawing influence of the
three nitro groups. Recently Rozhkov et al. [24] re-
ported that TNT reacts readily in solution with electro-
philic aldehydes CF3CHO and CCl3CHO to form the
corresponding alcohols. In the presence of base, the
resulting alcohols undergo smooth intramolecular cy-
clization to produce benzofurans (Scheme 2). However,
an analogous reaction of TNT with aldehydes in the gas
phase has not been reported before. It is sought here in
an attempt to extend the parallels between solution and
gas-phase reactivity.
This paper demonstrates for the first time the gas-
phase formation of the carbon- and oxygen-bonded
Meisenheimer complexes of nitroaromatics with the
nitromethyl carbanion CH2NO2
 and with the oxygen-
centered anion CH3OCH2O
, respectively. It also dem-
onstrates potential applications of these reactions in
distinguishing dinitrobenzene isomers and in selective
detection of TNT in mixtures, a current challenging
issue in analytical chemistry [25–28]. In addition, the
gas-phase aldol-like condensation reaction of [TNT-
NO] (m/z 197), a major TNT fragment ion, with
benzaldehyde PhCHO followed by intramolecular cy-
clization to give rise to the derivatized benzofuran ion
m/z 257 is reported.
Experiments
Experiments were carried out using a Finnigan TSQ-70
triple quadrupole mass spectrometer (Thermo Finni-
gan, San Jose, CA) with the ion source and manifold
temperatures maintained at 150 °C and 70 °C, respec-
Scheme 1
Scheme 2tively. The reagent gas was allowed to leak into the
chemical ionization source while the solid sample of
interest was introduced by evaporation from a direct
insertion probe. Neutral loss MS/MS spectra were
recorded by selecting a particular neutral fragment
value and scanning Q1 and Q3 simultaneously at the
same rate. All compounds were commercially available
and used without further purification.
Results and Discussion
Carbon-Bonded Meisenheimer Complexes
Carbon-bonded Meisenheimer complexes, such as
-complexes of activated aromatics with enolate car-
banions, have long been important in the pharmaceuti-
cal color tests [29]. The anion chosen to form Meisen-
heimer complexes with nitroaromatics in the gas phase
is the nitromethyl carbanion CH2NO2
. It was chosen
because it is easily available and can be generated via
deprotonation of nitromethane CH3NO2. Another rea-
son for studying this anion is that it is a good nucleo-
phile for new C™C bond formation in the Henry or
nitroaldol reaction [30]. Figure 1a displays the negative
ion chemical ionization (CI) mass spectrum of TNT
recorded using CH3NO2 as the reagent gas. In addition
to the abundant TNT radical anion, TNT (m/z 227),
one observes the deprotonated molecule [TNT-H] (m/z
226), fragments [TNT-OH] (m/z 210) and [TNT-NO]
(m/z 197), and a peak at m/z 287. This latter ion corre-
sponds to either the complex [TNT  CH NO ]
Figure 1. (a) Negative ion CI mass spectrum of TNT using
CH3NO2 as the reagent gas; (b) CID product ion MS/MS spectrum
of the Meisenheimer complex [TNT  CH2NO2]
 (m/z 287) using
argon as target at a nominal 10 eV collision energy.2 2
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 (m/z 60) to TNT or
to the simple adduct of the deprotonated ion [TNT-H]
(m/z 226) with neutral CH3NO2. The latter possibility
was excluded by the observation of the isotopomeric
ion [TNT  CD2NO2]
 at m/z 289 when nitromethane
CD3NO2 was used as the reagent gas. The former
possibility embraces three possible forms of the com-
plex ion [TNT  CH2NO2]
 (m/z 287), a -bonded
Meisenheimer complex, a noncovalently-bonded
-complex or a hydrogen-bonded complex between
neutral TNT and ion CH2NO2
. However, CID of the
isolated complex ion [TNT  CH2NO2]
 (m/z 287) and
its isotopomeric ion [TNT  CD2NO2]
 (m/z 289)
mainly yielded [TNT-H] (m/z 226) by loss of CH3NO2
or CHD2NO2 neutral, suggesting that deprotonation of
TNT occurs during the CID process (Figure 1b) and
strongly suggesting the -bonded Meisenheimer com-
plex structure rather than the weakly-bonded -com-
plex structure. The fact that there is no CH2NO2
 peak
generated from CID (Figure 1b) excludes the possibility
of the hydrogen-bonded adduct. The reaction, as well as
the proposed structure of the Meisenheimer complex, is
illustrated in Scheme 3. Note that the Meisenheimer
complex (m/z 287) is proposed to occur as a mixture of
two possible structures, the C-1 and C-3 complexes,
both involving C™C bond formation.
As suggested by Buncel [4, 8], in polar solvents like
DMSO and methanol both C-1 and C-3 regioisomeric
Meisenheimer adducts of substituted trinitrobenzenes
may be observed for oxygen-centered nucleophiles
such as the methoxide ion, depending on the tempera-
ture. For carbon-centered nucleophiles such as
CH3COCH2
, on the other hand, C-3 Meisenheimer
adducts are both kinetically and thermodynamically
favored. If this is also the case in the gas phase, the C-3
complex is expected to be the favored form of [TNT 
CH2NO2]
. The fragment ion [TNT-H] (m/z 226) could
be formed from either the C-1 complex via -elimina-
tion of CH3NO2 or from the C-3 complex via -elimi-
nation. The fact that CID of the Meisenheimer complex
does not yield substitution products—except for the
deprotonation reaction—is probably due to the fact that
the methyl group of TNT is not a good leaving group
and that TNT has a higher gas-phase acidity (Gacid 
309.0 2.0 kcal/mol) [31] than CH3NO2 (Gacid 349.7
 2.0 kcal/mol) [32]. The occurrence of deprotonation
Scheme 3in this case exactly coincides with the previous obser-
vation of Briscese and Riveros [11] of proton transfer in
the gas-phase nucleophilic reactions of CH3O
 with
m-difluorobenzene C6H4F2 leading to the production of
CH3OH and C6H3F2
, since the higher acidity of C6H4F2
(Gacid 366.3 2.0 kcal/mol) [33] compared to that of
CH3OH (Gacid  375.1  1.1 kcal/mol) [34], prevents
the nucleophilic substitution reaction [11].
Experiments were also carried out to examine the
specificity of Meisenheimer complex formation with the
carbanion CH2NO2
 in the gas phase. Various com-
pounds such as methanol, methylamine, propionalde-
hyde, acetone, ethyl acetate, chloroform, toluene and
m-methoxytoluene were chosen to model alcohols,
amines, aldehydes, ketones, esters, haloalkanes, hydro-
carbons and ethers, respectively. The results show that
none of these compounds forms adducts with CH2NO2

in the ion source. Even nitrobenzene and p-fluoronitro-
benzene fail to complex with CH2NO2
 while dinitro-
benzenes (DNB), 1-chloro-2,4-dinitrobenzene (CDNB)
and 1,3,5-trinitrobenzene (TNB) do so. This phenome-
non is in good agreement with the generalization that
typically two or three electron-withdrawing groups
located ortho and/or para to the site of nucleophilic
attack are required to allow detection of anionic -com-
plex formation in solution [3]. Nitrobenzene and even
p-fluoronitrobenzene appear to be insufficiently elec-
tron-deficient to form Meisenheimer complexes with
CH2NO2
. It is apparent that the formation of Meisen-
heimer complex with CH2NO2
 is highly selective.
Among the three different substituted dinitroben-
zene (DNB) isomers, meta-dinitrobenzene forms a much
more abundant Meisenheimer complex with CH2NO2

than do the ortho and para isomers. Interestingly, these
three Meisenheimer complexes [DNB CH2NO2]
 (m/z
228) display distinctive fragmentation patterns upon
CID. As shown in Figure 2, while [o-DNB  CH2NO2]

(m/z 228) gives two fragment ions (m/z 60 and 181) with
comparable intensities by loss of neutral DNB and
HNO2, the meta and para isomers yield unique fragment
ion at m/z 60 and 181, respectively, suggesting this as a
new and very rapid method of differentiating the three
dinitrobenzene isomers [35]. The fragment ion m/z 60
corresponds to the carbanion CH2NO2
 and the most
likely structure of the fragment ion of m/z 181 is the
phenide anion, formed through elimination of a hydro-
gen atom and nitro group, the product being resonance
stabilized by an ortho or para nitro group. The absence
of resonance stabilization explains the absence of this
fragment ion in the case of the meta isomer.
As shown in Figure 3, an interesting fragment ion of
m/z 226 is produced by loss of HCl during CID of the
Meisenheimer complex [CDNB  CH2NO2]
 (m/z 262).
In contrast, the SNAr product Cl
 was not observed
even though Cl is a good leaving group. This phenom-
enon provides another example of the fact that various
reactions, including proton transfer and E2-elimination
channels, compete with SNAr displacement in the gas-
phase nucleophilic substitution on aromatics [9]. Like
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heimer complex [TNB  CH2NO2]
 (m/z 273) readily
with the anion CH2NO2
; the complex dissociates into
m/z 212 and 226 by loss of CH3NO2 and HNO2 upon
collision. The fragmentation behavior of these carbon-
bonded Meisenheimer complexes is summarized in
Table 1.
Figure 2. CID product ion MS/MS spectra of Meisenheimer
complexes (a) [o-DNB CH2NO2]
 (m/z 228); (b) [m-DNB 
CH2NO2]
 (m/z 228); (c) [p-DNB CH2NO2]
 (m/z 228) using
argon as target at a nominal 10 eV collision energy.
Figure 3. CID product ion MS/MS spectrum of the Meisenhei-
mer complex [CDNBCH2NO2]
 (m/z 262) using argon as target
at a nominal 10 eV collision energy.Oxygen-Bonded Meisenheimer Complexes
A Meisenheimer complex [TNT  CH3OCH2O]
 (m/z
288) of a different type is formed via negative ion CI of
TNT using the vapor from a methanol-containing form-
aldehyde solution as the reagent gas (i.e., the hemiacetal
CH3OCH2OH formed by the reaction of HCHO with
CH3OH [36] is the reagent gas). The presence of hemi-
acetal CH3OCH2OH in the formaldehyde solution va-
por was confirmed by observation of both the proton-
ated hemiacetal CH3OCH2OH2
 (m/z 63) and the
deprotonated hemiacetal CH3OCH2O
 (m/z 61) in the
mass spectrum of the reagent gas. Also, CID of the ion
CH3OCH2OH2
 (m/z 63) gives rise to CH3O
CH2 (m/z
45) and CH3OH2
 (m/z 33) by loss of H2O and HCHO
and CID of CH3OCH2O
 (m/z 61) leads to the fragment
ion CH3O
 (m/z 31) by loss of HCHO. The oxygen-
bonded Meisenheimer complex [TNT  CH3OCH2O]

(m/z 288) undergoes a characteristic fragmentation to
give an ion m/z 241 by loss of HNO2 in addition to
giving the fragment ion [TNT-H] (m/z 226, Figure 4).
The fragmentation pathway proposed to give rise to the
ion m/z 241 is shown in Scheme 4; and it involves a C-3
Meisenheimer complex.
The formation of the TNT/Meisenheimer complex
with CH3OCH2O
 and its unique fragmentation be-
havior can be used to selectively detect TNT in
mixtures. Considering that the radical anion TNT
(m/z 227) also dissociates by loss of HNO2 (47 Da)
upon CID, although to a much smaller extent com-
pared to the complex [TNT  CH3OCH2O]
 (m/z
288), a neutral loss MS/MS scam [19,20] can be
adopted to detect these two unique transitions for
TNT. As a demonstration, a mixture of ethyl isovaler-
ate, 2,4-dimethyl-3-hexanone and TNT was ionized
using the hemiacetal CH3OCH2OH as the reagent
gas. The two compounds, ethyl isovalerate and 2,4-
dimethyl-3-hexanone, were selected to model esthers
and ketones as background contaminants. While the
positive ion CI spectrum shown in Figure 5a is very
complex (note the protonated peaks due to HCHO,
CH3OH, CH3OCH2OH and ethyl isovalerate, 2,4-
dimethyl-3-hexanone and TNT at 31, 33, 63, 129, 131
and 228, respectively), the neutral loss scan spectrum
(m  47 Da) in the negative ion mode (Figure 5b) is
extremely simple and only displays two characteristic
peaks associated with the two reactions of interest.
These are due to HNO2 loss from TNT
 (m/z 227) and
[TNT  CH3OCH2O]
 (m/z 288) and they occur
without any interference from other compounds,
clearly proving the presence of TNT. The high selec-
tivity of this experiment stems from the combination
of selective formation of the TNT/Meisenheimer
complex and its characteristic fragmentation behav-
ior. The additional advantages of such a detection
method are that when fully developed, it should be
fast and sensitive. The detection limit is under inves-
tigation.
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with Benzaldehyde
As mentioned above, the C-H bond in the methyl group
of gas phase TNT is fairly acidic due to strong activation
by the nitro groups. The interaction between TNT and
benzaldehyde (PhCHO), in the gas phase was therefore
examined. Figure 6 shows the negative ion CI mass
spectrum of TNT using PhCHO as the reagent gas. The
peak observed at m/z 303 is assigned to the addition
product of PhCHO with [TNT-NO] (m/z 197), one of
major TNT fragment ions, as confirmed by the result
that the corresponding addition product ion m/z 255
was observed when CH3CH2CHO was used instead of
PhCHO as the reagent gas. The ion m/z 303 is proposed
in Scheme 5 to be produced via an aldol-like condensa-
tion of PhCHO with [TNT-NO] (m/z 197) in the form of
the electrophilic 2-hydroxy-4,6-dinitrobenzyl carban-
ion, generated from TNT by loss of NO. The existence
of the 2-hydroxy-4,6-dinitrobenzyl anion (m/z 197) as
one isomeric ion of [TNT-NO] (m/z 197) is supported
by HF/3-21  G calculations using the Gaussian 2003
program [37] which show that its energy is very close to
that of the 2-methyl-3,5-dinitrophenoxide anion, the
other isomer of [TNT-NO] (m/z 197). The former is
Table 1. Fragmentation of Meisenheimer complexes formed wit
Compounds Abbreviation
o-DNB
m-DNB
p-DNB
CDNB
TNB
TNT
Figure 4. CID product ion MS/MS spectrum of the Meisenhei-
mer complex [TNT  CH3OCH2O]
 (m/z 288) using argon as
target at a nominal 10 eV collision energy.higher in energy by only 2.7 kcal/mol, indicating that
these two isomeric ions might be convertible via an
ortho hydrogen shift. The benzyl anion can be stabilized
by resonance (Scheme 5) while 2-methyl-3,5-dinitrophe-
noxide anion does not have significant resonance stabi-
lization. Upon CID, the ion of m/z 303 undergoes
intramolecular cyclization with loss of NO2
 to yield an
ion of m/z 257, assigned as the cyclic benzofuran ion
(Figure 6b). This reaction is proposed to occur via attack
at the ortho carbon of the benzene ring by the bare
oxygen anion (Scheme 5), analogous with the con-
densed-phase reaction reported by Rozhkov [24]. This
unique fragmentation is missing for the ion of m/z 255
generated from the aliphatic aldehyde CH3CH2CHO,
indicating that the cyclization is aldehyde-dependent.
Rozhkov also showed that the analogous reaction in
Scheme 2 occurs readily for electron-withdrawing
groups such as R  CCl3 or CF3 but not for R  H [24].
In addition, ions m/z 197, 273, and 286 arise from the
fragmentation of the ion m/z 303 as well by loss of
PhCHO, NO and OH, respectively. The cyclic benzo-
furan ion (m/z 257) is also present in the spectrum
shown in Figure 6a, suggesting the occurrence of the
aldol-like condensation and subsequent cyclization re-
actions of 2-hydroxy-4,6-dinitrobenzyl carbanion (m/z
197) with PhCHO in the ion source (Scheme 5). Further
dissociation of the ion of m/z 257 forms ions m/z 151 and
211 by loss of PhCHO and NO2
 , respectively. However,
the analogous reaction of PhCHO with the carbanion
[TNT-H] (m/z 226) is missing, probably due to the
relative low nucleophilicity of [TNT-H] compared
with 2-hydroxy-4,6-dinitrobenzyl carbanion (m/z 197)
since the ion [TNT-H] has one more ortho electron-
2NO2

Meisenheimer
complex m/z
Major fragment ions
m/z (neutral lost)
228 60 (-DNB)
181 (-HNO2)
228 60 (-DNB)
228 181 (-HNO2)
262 226 (-HCI)
273 212 (-CH3NO2)
226 (-HNO2)
287 226 (-CH3NO2)
Scheme 4h CH
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lizes the carbanion [TNT-H] but also reduces the
nucleophilicity of [TNT-H].
Conclusions
This study of the Meisenheimer complexes of nitroaro-
matics bonded at carbon and at oxygen provides a
method of distinguishing dinitrobenzene isomers and
provides two new, highly selective approaches to the
detection of TNT in mixtures. The selective ion/mole-
Figure 5. (a) Positive ion CI mass spectrum of a mixture of ethyl
isovalerate, 2,4-dimethyl-3-hexanone and TNT using the hemiac-
etal CH3OCH2OH as the reagent gas; (b) Constant neutral loss
MS/MS spectrum in the negative ion mode.
Figure 6. (a) Negative ion CI mass spectrum of TNT using
PhCHO as the reagent gas; (b) CID product ion MS/MS spectrum
of the ion of m/z 303 using argon as target at a nominal 10 eV
collision energy.cule reactions of the oxygen-bonded Meisenheimer
complexes are reminiscent of the selective phosphorus
ester chemistry used to recognize chemical warfare
agents [20]. In both this and in the earlier experiments,
constant neutral loss/gain scans proved useful in ex-
amining complex mixtures for compounds containing
the specific functional group of interest. The gas-phase
aldol-like condensation and intramolecular cyclization
reaction of [TNT-NO] with benzaldehyde to yield
derivatized benzofurans is also potentially valuable for
the detection of TNT using mass spectrometry. Other
points of note are that the CID behavior of Meisenhei-
mer complexes is useful in studies of reactions that
compete with aromatic nucleophilic substitution SNAr
reactions in the gas phase. In addition, the observed
parallels observed between the solution and gas-phase
reactions of TNT with aldehydes are noteworthy.
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